Homogeneous bulk amorphous Ni-W alloy with thickness of more than 2 mm is fabricated by an electroforming process. By suppressing the side reaction and by preserving the mass balance between consumed ions by electrodeposition and supplemented ions by the solution of Ni and W anodes in the electroforming system, the standard deviation of W-concentration throughout the specimen is kept to 1.3 at%. As the result of micro-Vickers hardness tests, the standard deviation of micro-hardness decreases about 90% in bulk materials in comparison with thin-film materials fabricated by conventional electroforming process. This result indicates that it is important to minimize the fluctuation of Wconcentration in the specimen for obtaining the micrometer-scale high reliability of hardness. The compressive strength of bulk amorphous Ni-W alloy is about 2.7 GPa. High compressive strength of amorphous Ni-W alloy can be clearly shown.
Introduction
In recent years, micro-devices require more materials with excellent physical and mechanical properties with the rapid development of micro electro mechanical systems (MEMS) technology. In addition to the traditional materials such as Ni, Cu and Ag in MEMS devices, several researchers pay more attention to electrodeposited Ni-W alloys because they have excellent wear resistance, good corrosion resistance and high hardness. Although Ni-W alloys have such good properties, a major problem of electrodeposited Ni-W alloys is high internal stress. The internal stress has a negative effect on the quality of Ni-W alloy films, and it would result in cracks and cause damage to MEMS devices. It has been reported that electrodeposited amorphous Ni-W alloy films have low internal stress than nanocrystalline Ni-W alloy films. 1) Thus, the amorphous Ni-W alloy film is one of the candidates for MEMS devices. 2, 3) In application of amorphous Ni-W alloy to the MEMS devices, the reliability of the mechanical properties is of great necessity. One of the important factors for high reliability is homogeneity of the composition. It has been reported that the electrodeposited Ni-W alloy has single amorphous phase in the W-concentration range above 20 at%. 4, 5) However, it has been clarified from three dimensional atom probe analyses and the nano-beam diffraction patterns that if the Wconcentration decreases only 2.2 at% from 20 at%, the material shows the amorphous/nanocrystalline duplex structure with the volume fraction of amorphous phases of 63.4%. 6) This result indicates that the small W-concentration fluctuation causes the considerable change of volume fraction of the amorphous phase in the composition around the Wconcentration of 20%, which can significantly affect the scattering of the strength. Even in fully amorphous material, homogeneity of the composition is also important. In Cu-Zr binary amorphous alloys, a few percent change of the composition drastically change the compressive flow behaviors such as strength and ductility. 7) Thus, minimizing the concentration gradient and fluctuation is indispensable for the reliable mechanical properties in the materials. Another factor is the thickness of the material. When the thickness of the material is insufficient, the material becomes sensitive to the surface notch and roughness. Thus, the insufficient thickness may hide an inherent potential of the materials. In order to know the inherent potential, bulk material with minimizing composition fluctuation is necessary.
In order to fabricate bulk Ni-W alloys, we have developed bulk electroforming process. 8) To realize the homogeneous bulk electroforming, there were two major problems in the conventional thin-film electrodeposition processes. The first problem is the side reactions that pollute the electrolyte and keep us from stoichiometry analyses. The second problem is the upset of a chemical mass balance due to the reduction of the metallic ions and the residues of by-products during electrodeposition, which triggers the gradient and fluctuation of the W-concentration in the deposits. In the present electroforming system, the side reaction is suppressed by a diaphragm cell with cation-exchange membrane and the molar concentrations of the ion species in the electrolyte is kept constant by balancing consumed ions by electrodeposition and supplemented ions by the solution of Ni and W anodes. By employing the bulk electroforming system, bulk nanocrystalline Ni-W alloys without amorphous phase [8] [9] [10] and bulk amorphous/nanocrystalline composites 11) with minimizing W-concentration gradient and fluctuation are obtained. However, fully amorphous bulk Ni-W alloys have not been fabricated in this system.
In the present study, fully amorphous bulk Ni-W alloy with thickness of more than 2 mm is fabricated by electroforming process and the mechanical property is examined to know the inherent potential of this alloy.
Experimental Procedure
At first, we decided the composition of bulk amorphous Ni-W alloy from the reported data 9, [12] [13] [14] [15] [16] [17] [18] [19] with our present results. Figure 1 shows the relationship between grain size and W-concentration in electrodeposited Ni-W alloys. The grain size is obtained by applying the Scherrer formula to the broad maximum of the amorphous phase in the present study.
The grain size decreases with increase of W-concentration and saturates to about 2 nm at the W-concentration of about 25%. As mentioned before, it has been reported that the electrodeposited Ni-W alloy has single amorphous phase in the W-concentration range above 20 at%. 4, 5) It has also been reported that the grain size of 2 nm is the size where intercrystalline regions (grain boundaries, triple junctions, and quadruple nodes) constitute the entire microstructure, and the material can be regarded as essentially amorphous. 17, 20, 21) Then, the W-concentration of more than 25% is chosen in this study.
The bulk amorphous Ni-W alloy was produced using a sulfate bath. At first, we examined the relationship between the W atomic ratio in the deposit and the W molar ratio in the bath. From the result, we defined the W molar ration in the bath so as the W-concentration in the deposit to be 25 at%. The key factor for this process is to keep the W molar ratio constant in the bath. The currents for anodes of Ni and W are carefully controlled to attain the constant W molar ratio in the bath. The other parameters were determined from the results of our previous works. 6, [8] [9] [10] [11] 15) The process parameters are listed in Table 1 . Thin-film electrodeposition is also conducted for comparison by the condition previously reported. 15) After the deposition, the bulk amorphous alloy is cut by wire-electric discharging machine to make specimen for analyses. To analyze the structure, X-ray diffraction (XRD) analyses are conducted using Cu-K radiation at 30 kV and 20 mA. The microstructure was observed by transmission electron microscopy (TEM). W-concentration profiles along the thickness direction are obtained by energy dispersed spectrometry (EDS) linear analyses on the scanning electron microscope (SEM) at the accelerating voltage of 25 kV. A ZAF correction is applied to the EDS spectrum for the quantitative analyses. The dwell time in the measurement of each spot is set to be 5 s. The repeat accuracy of Wconcentration for the same spot is approximately AE0:2 at%. As the mechanical property tests, micro-Vickres hardness tests and compressive tests are conducted. In micro-Vickers hardness test in thin-film specimen, the hardness decreases by the effect of the substrate under the load of larger than 500 g. Then, the tests are conducted with a load range of 100 to 300 g for 10 s. Compressive tests are conducted with specimens of 2 Â 2 Â 4 mm 3 at a strain rate of 5 Â 10 À4 s À1 at room temperature. Figure 2 shows a bulk Ni-W alloy specimen fabricated by electroforming process. A specimen with thickness of more than 2 mm is obtained. Figure 3 shows the typical X-ray diffraction pattern, a bright-field TEM image and a selected area diffraction (SAD) pattern of the bulk Ni-W alloy specimen. From the XRD pattern, only a broad peak is observed but no sharp peaks are observed. The TEM image is featureless and the SAD pattern consists of a halo ring without any diffraction spots. These results indicate that fabricated bulk Ni-W alloy has an amorphous structure. [9] T. J. Rupert et al. [12] K.R. Sriraman et al. [13] S. Kabi et al. [14] A. Giga et al. [15] H. Cesiulis et al. [16] C.A. Schuh et al. [17] T. Yamasaki [18] H. Somekawa et al. [19] 0.035 at%/mm in the bulk specimen. The W-concentration gradient in the bulk specimen is reduced to about quarter of that in the thin-film specimen by employing the bulk electroforming process.
Results and Discussion
With the conventional thin-film electrodeposition processes, the achievable thickness was at most 100 mm due to the transition from the smooth deposition to the powder deposition. After the transition, the further electrodeposition resulted in the increase of the thickness of the powder layer. It would be impossible for the conventional processes to form the bulk sample. Figure 5 shows the millimeter-scale W-concentration profiles of bulk amorphous Ni-W alloy fabricated by electroforming system. The standard deviation of the W concentration is 1.3 at% and the W-concentration gradient is 0.0017 even in 2 mm thickness. The bulk amorphous Ni-W alloy successfully produced in millimeter thickness.
As the results of micro-Vickers hardness tests, the hardness is 7.0 GPa in thin-film and bulk materials. The standard deviation of hardness is 0.45 GPa in thin-film specimen and 0.05 GPa in bulk specimen. Since the indentation size is about 15 mm, the change in W-concentration in the indentation is about 4 at% in thin-film specimen, where the change in W-concentration is less than 1 at% in the bulk specimen. The change in standard deviation of hardness would be due to the change in fluctuation of W-concentration in the two materials. From this result, high reliability of hardness is attained by minimizing the fluctuation of W-concentration in micrometer-scale. Figure 6 shows the typical stress-strain curve of bulk amorphous Ni-W alloy. The average strength of 10 specimens is 2681 MPa and the standard deviation of the strength is 6.1%. Bulk amorphous Ni-W alloy shows the relatively large elastic limit of about 1 to 2% and plastic strain of about 1 to 3%. This large elastic limit of about 2% is in good agreement with that in cast bulk amorphous alloys. 
Conclusion
In the present study, we have tried to fabricate fully amorphous bulk Ni-W alloy by electroforming process and to clarify its mechanical properties, which may hide as an inherent potential in thin-film materials. The results obtained are as follows:
(1) By employing the bulk electroforming process, homogeneous bulk amorphous Ni-W alloy with thickness of above 2 mm is developed. 
